The basics of the scanning electron microscope with polarization analysis are presented and special features of the microscope are discussed. The spin polarization of the secondary electrons allows for a high contrast as the topography of the sample is strongly suppressed. The feature of the method is that the orientation of the magnetization is measured and used for domain imaging. For complex domain patterns that makes the interpretation easy and direct. Examples are shown how the high surface sensitivity is used for the investigation of all kind of samples. The decoration by a thin ferromagnetic film makes even contaminated and samples with strongly spoiled surfaces accessible for scanning electron microscope with polarization analysis ͑SEMPA͒ investigation. Recently, the magnetic resolution of SEMPA has been pushed into the range of a few nm.
I. INTRODUCTION
Scanning electron microscopy with polarization analysis ͑SEMPA͒ has developed into a powerful technique for the study of magnetic domains at surfaces and in ultrathin films. Many open questions concerning micromagnetic structures of mostly ideal systems have been answered utilizing SEMPA, e.g., the behavior of domain walls at the surface of bulk ferromagnets, 1,2 the domain structure in ultrathin films, 3, 4 the spin reorientation in ultrathin films, 5, 6 and the exchange coupling in multilayers. 7 
II. BASICS
The technique utilizes the spin polarization of secondary electrons ͑SEs͒ created at the surface of itinerant ferromagnets to image the magnetic microstructure. At very low kinetic energies in the energy range of the intensity maximum of the secondary electrons an enhancement of the spin polarization is found. 8, 9 Based on this very favorable condition a microscope to image magnetic domains was proposed, 10, 11 and finally in 1984 the first SEMPA was realized. 12 The basic idea is to use the narrow primary beam of a scanning electron microscope ͑SEM͒ to create secondary electrons and analyze their spin polarization. Thus, the microscope is a SEM with an attached spin polarization analyzer. A sketch of the microscope is shown in Fig. 1 . For the spin polarization analysis the electrons are scattered at a target. Different types of analyzers are used in SEMPA, like the Mott detector, 13, 14 the low energy diffuse scattering detector, 15 or the low energy electron diffraction detector. 16 In all analyzers the scattering into opposite angles is measured and compared. The intensity difference, normalized to the total scattering intensity, is proportional to the polarization component that is perpendicular to the scattering plane. The normalization eliminates nearly all topographical structures in the polarization images allowing for higher magnetic contrast. 13 Due to the extremely small depth of information of the spin polarization of the secondary electrons 17 the experiment has to be performed under ultrahigh vacuum conditions. In principle the diameter of the primary beam determines the spatial resolution of the technique, provided that the beam current is high enough. As the efficiency of the spin-polarization analyzers are low ͑about 10 Ϫ4 ) in general, primary currents in the range of nA are needed to achieve images with good quality in reasonable times. To obtain the desirable high spatial resolution and high current electron sources with high brilliance, i.e., field emission sources are used in the microscope. Based on such a gun a SEMPA with a magnetic resolution of 5 nm has been realized recently. 18 In a sophisticated design of such a microscope the complete detector attachment is optimized for utilizing almost all secondaries emitted within a certain energy window. 19 In particular the acceptance angle has to be maximized, which is achieved by a geometry in which the electron optics ͑in front of the spinpolarization analyzer͒ is very close and perpendicular to the sample. Additionally, a high acceleration voltage is applied to the first elements of the optics in order to bend the secondary electrons toward the symmetry axis of the optics.
III. IMAGE FORMATION
In the early investigations of the spin polarized secondary electron ͑SE͒ emission it was found that the polarization vector is directly related to the magnetization orientation at the point of SE emission. 20 This finding is essential for SEMPA and represents the feature of the technique. Basically, the polarization direction is used to create the domain images. The vector of polarization can be obtained as two perpendicular polarization components are accessible in the scattera͒ Electronic mail: oepen@physnet.uni-hamburg.de ing experiment that is utilized for the polarization analysis. An example of soft magnetic thin film structures is given in Fig. 2 . 21 The images display the spatial distribution of two polarization components and the topography image, measured simultaneously. The topography results as a byproduct of the spin analysis as the sum of all scattering intensities, and is from exactly the same sample area. The two polarization components can be put together by vectorial superposition, which yields the distribution of the magnetization orientation, i.e., the ''complete'' domain structure. A demonstration of a domain pattern showing the vector orientation of the magnetization is shown in Fig. 3 . The image gives the complex domain pattern in a thin film soft magnetic disk. The color wheel in the lower part of the figure allows for the translation of the colors into the magnetization orientation within the film plane. The domain pattern is determined by magnetostatic energies which are dominant and a flux closure structure is observed. The structure represents a local energy minimum. The competing structure representing the absolute minimum of energy is a vortex configuration that can be seen for example in Fig. 2 in the Permalloy thin film disks. The domain walls are cross-tie walls which can be recognized by the Néel-type legs that extend, perpendicular to the wall, throughout nearly the whole disk. A detail of the cross-tie wall is shown in the zoom in Fig. 4 . To stress the point once more, the arrows plotted in the image ͑Fig. 4 left-hand side͒ are actually measured and not good guesses. A sketch of the cross-tie wall is shown on the right-hand side ͑Fig. 4͒. 22, 23 The vector plot clearly reveals all the details of the proposed model, particularly the two types of Bloch lines and the Néel-type legs.
IV. SAMPLE PREPARATION
SEMPA is known for its high surface sensitivity that is very favorable when ultrathin ferromagnets are in the focus of interest. 19 For ideal systems, e.g., ultrathin epitaxial films, the surface sensitivity has been successfully demonstrated. In many discussions, however, this feature is quoted as a problem as it limits the applicability of SEMPA. Apparently, it restricts the application of SEMPA to systems with surfaces that are absolutely free from any contamination. In particular, systems that have been structured by lithography or other methods using multiple step preparation under ambient con- ditions seem to be inaccessible by SEMPA. The conditioning of such samples for SEMPA investigations has been studied recently. 24 For bulk as well as thick film samples surface preparation by simple ion milling is sufficient to allow for nearly perfect SEMPA investigation. This method has been successfully applied by different groups in many SEMPA studies. An example for the preparation of a film by ion milling is the structured magnetic film shown in Fig. 2 , discussed above. The magnetic material was covered by a Cu layer prior to structuring to prevent spoiling of the surface. Before the SEMPA study the Cu layer was removed by ion milling. The magnetic patterns in the microstructures are the well known flux closure structures ͑Landau-Lifshitz structures͒ that have to be expected for Permalloy structures of such dimensions. The general finding is that the surface damage due to sputtering has no effect on the domain structure as long as the typical length of the magnetic structures is large compared to the depth of damage. In stable systems, like bulk ferromagnets, annealing by modest heating is possible which reduces the surface damage. In thin films, however, heating has to be prevented as it usually destroys the film composition. No remarkable effect on the polarization value ͑e.g., reduction͒ due to ion milling has been found. 16 An even simpler and very effective method to prepare a sample for SEMPA investigation is to evaporate in situ a thin ferromagnetic film ͑Fe or Co͒ on top of the contaminated sample. It has been found that the thin film mirrors the domain structure of the ferromagnet beneath while the newly generated surface is clean and thus the SE are spin polarized. This so-called decoration technique has been successfully applied to different magnetic systems, 24 and has been already proposed in the early years of SEMPA investigations. 25 The images of the bars ͑Fig. of unknown thickness separates the two ferromagnetic materials.
The magnetic structure in the second polarization component exhibits only black/white contrast outside the bars, which demonstrates that the film has uniaxial anisotropy. This domain pattern is due to the stray field generated by the bars. The competition between the stray field and the magnetic anisotropy of the film is responsible for the structure obtained. The decoration technique works as long as the magnetic material of the sample is thicker than the postdeposited film. Due to the high surface sensitivity of SEMPA, films with a thickness of a few monolayers are accessible utilizing this preparation technique.
The decoration technique may also be used to enhance the contrast. In low contrast materials a thin Fe film increases the spin polarization as Fe has the highest signal that can be achieved in SEMPA. Another advantage of the decoration technique is that nonitinerant and insulating ferromagnets can also be investigated by SEMPA. The decoration technique is superior to ion milling as effects like ion induced intermixing can be prevented. Last but not least the decoration technique makes the quality of the surface less important and the investigation of nearly all kinds of samples like, e.g., devices for commercial applications becomes feasible.
V. CONCLUSION
In summary, the improvement of SEMPA is still in the focus of basic research. The success of the technique is closely connected to developments at different frontiers of actual research. Spatial resolution in the range of 5 nm has been realized and the field of applicability has been expanded to nearly all kinds of samples.
